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Background: Partial monosomies of chromosome 16q are rare and overlapping effects from complex
chromosomal rearrangements often hamper genotype-phenotype correlations for such imbalances. Here, we report
the clinical features of an isolated partial monosomy 16q21q22.1 in a boy with a complex de novo rearrangement
possibly resulting from a chromothripsis event.
Results: The patient presented with low birth weight, microcephaly, developmental delay, facial dysmorphisms,
short stature, dysmorphic ears and cardiopathy. Standard and molecular cytogenetics showed a complex
rearrangement characterised by a pericentromeric inversion in one of chromosomes 12 and an inverted insertional
translocation of the 12q14q21.1 region, from the rearranged chromosome 12, into the q21q22.1 tract of a
chromosome 16. Array-CGH analysis unravelled a partial 16q21q22.1 monosomy, localised in the rearranged
chromosome 16.
Conclusions: The comparison of the present case to other 16q21q22 monosomies contributed to narrow down
the critical region for cardiac anomalies in the 16q22 deletion syndrome. However, more cases, well characterised
both for phenotypic signs and genomic details, are needed to further restrict candidate regions for phenotypic
signs in 16q deletions. The present case also provided evidence that a very complex rearrangement, possibly
caused by a chromothripsis event, might be hidden behind a classical phenotype that is specific for a syndrome.
Keywords: Complex insertional translocation, Chromothripsis, Array-CGH, Developmental and growth delay,
Dysmorphic features, Partial monosomy 16q21q22.1, Congenital heart defectsBackground
Interstitial deletions of chromosome 16 long arm are
rare rearrangements with around 20 patients described
so far [1-7]. In spite of some specific phenotypes asso-
ciated with the extension and localisation of the
deleted regions, a critical region for this deletion syn-
drome is not clearly defined, as both 16q12.1q13 and
16q22 deletions are associated with similar phenotypic
signs [8]. Nevertheless, 16q22 deletion is a recognised
OMIM [9] syndrome (#614541), associated with the
deletion of the whole 16q22 band, presenting with* Correspondence: anconti@unina.it
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reproduction in any medium, provided the orfailure to thrive in infancy, poor growth, delayed psy-
chomotor development, hypotonia, and dysmorphic
features, including large anterior fontanelle, high fore-
head, diastasis of the cranial sutures, broad nasal
bridge, hypertelorism, low-set abnormal ears, and
short neck. The phenotypic features and deletion sizes
of the affected patients are variable, but deletion of
16q22 appears to be critical for manifestations of
the syndrome [10]. Congenital heart defects (CHD),
mainly septal defects and anomalies of the outflow
tract, have been described in 50–60% of the cases and,
with a lower frequency, kidney malformations and an-
terior anus have also been reported. A candidate region
for CHD has been proposed in the 16q22 region [1].l Ltd. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
Figure 1 The boy at the age of 1 year. Note low set ears, epicanthus and thin upper-lip.
Figure 2 G-Banding image of rearranged chromosomes 12 and
16. G-Banded karyotype shows a pericentric inversion, from band
p12 to q13, on one chromosome 12, an interstitial deletion of the
region from 12q14 to 12q21 and additional material on one
chromosome 16, within the bands q21q22. Arrows mark the
derivative chromosomes.
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resulting from a complex chromosomal rearrangement.
The proband showed microcephaly, dysmorphisms and
CHD. We have compared clinical and cytogenetic findings
of this case with those described in the literature to gain
more accurate genotype-phenotype correlations.
Clinical report
The patient is the second child of healthy parents. He was
born preterm at 33.6 weeks of gestation with a weight of
2.17 kg, a head circumference of 29.5 cm and length of
45.5 cm (appropriate for gestational age).
At the age of 2 months he suffered from an episode of
respiratory distress and hyperkalaemia. An echocardio-
gram performed at that time revealed a CHD presenting
with an atrial septal defect (ASD) and a patent foramen
ovale (PFO). Notable findings on physical examination at
3 months and 8 days of age included: microcephaly
(occipitofrontal circumference was 35.5 cm), sparse eye-
brows, short ocular rhyme with proptosis, epicanthus,
plans angiomas on middle forehead and on the eyelids,
high philtrum, prominent and low set ears, thin upper-lip,
simian crease, anterior anus, overlapping toes, and
clinodactyly of the fifth fingers (Figure 1). Weight was
3.630 g (<3rd centile), length was 53 cm (<3rd centile).
Results
Cytogenetic analysis of the proband, performed at 550
bands on G-banded metaphases from peripheral blood
Figure 3 Dual colour fluorescence in situ hybridization analysis of chromosome 16 and chromosome 12. FISH analysis using wcp12
(green) and wcp16 (red) probes (a) or RP11-485K18 (red) BAC probe, mapping to 12p11.2 and CEP12 (green), used as control probe (b), showed
that the additional material present in the q arm of one chromosome 16 was derived from chromosome 12 and confirmed the pericentric
inversion of one chromosome 12.
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chromosome 12, from band p12 to q13, an interstitial de-
letion of the region from q14 to q21 on the same chro-
mosome and the presence of additional material on one of
the homologues of chromosome 16, within the bands
q21q22 (Figure 2). Parental karyotypes were normal.
Dual-colour-FISH using either the two Whole Chro-
mosome Painting (WCP) probes for chromosomes 12
and 16 (Figure 3a) or the BAC probe RP11-485K18
(12p11.2) and CEP 12 (Figure 3b) revealed that the add-
itional material present on the q arm of chromosome 16
was derived from chromosome 12 and confirmed the in-
version. Multicolour banding (MCB) for chromosome 12
was performed to further characterise the rearrangement;Figure 4 High resolution multicolour banding (MCB). High resolution M
chromosome 12 shows that the pericentric inversion extended from the b
inverted insertion of the 12q14q21 region inside the tract 16q21q22.this showed an inverted insertional translocation of the re-
gion 12q14q21 into the derivative chromosome 16, inside
the tract 16q21q22. MCB confirmed that the pericentric
inversion extended from the band 12p12 to the band
12q14 (Figure 4).
Finally, Oligo-array CGH analysis identified a 16q21q
22.1 deletion, spanning approximately 2.1 Mb (chr16:65,
713,516-67,842,736 [Hg19]), involving the region in which
the 12q14q21.1 tract was inserted (Figure 5).
The complete chromosomal characterisation according
to ISCN 2013 [11] was as follows:
46,XY,inv(12)(pter- > p13::q14- > p12::q21- > qter),ins(16;
12)(16pter- > 16q21::12q21.1- > 12q14::16q22.1- > 16qter).
arr [hg19]16q21q22.1(65,713,516-67,842,736)×1.CB image of the normal chromosome 12 compared to the rearranged
and 12p12 to the band 12q14. Chromosome 16 image shows an
Figure 5 Array-CGH analysis. The analysis shows a partial deletion of the 16q21q22.1 tract, spanning approximately 2.1 Mb (chr16:6571
3516–67842736 [Hg19]), involving the region in which the 12q14q21.1 tract was inserted.
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Few cases of 16q21q22 have been reported so far. The
study of genotype-phenotype correlations in these cases
was hampered either by the overlapping effects from as-
sociated chromosomal rearrangements or by the poor
molecular characterisation of the rearrangements (only 2
cases out of 21 were characterised by array-CGH). The
patient described herein presented an isolated partial
monosomy 16q21q22.1 without additional chromosomal
imbalances, as assessed by array-CGH. He shows the
typical symptoms of 16q22 deletion syndrome, such as
low birth weight, global developmental delay, short stat-
ure, microcephaly, low set dysmorphic ears, mild facial
dysmorphisms and CHD. The accurate molecular cha-
racterisation performed here might contribute to better
define candidate regions for specific phenotypic signs,
such as CHD. Yamamoto et al. [1] compared their
proband presenting CHD to a group of 13 previously
described patients, with overlapping deletion encom
passing the 16q21q22 tract. Nine patients out of 14
(64%) showed CHD, mainly related to endocardial cush-
ion and outflow-tract defects. By analysing the overlap-
ping regions, the authors hypothesised that a candidate
region for CHD could be identified between the middle
part of 16q21 and the middle of 16q22 (from 62,000,000
to 68,000,000) [1]. The 16q21 band, with a very low gene
density, is not the major candidate, as it represents aFigure 6 Overlapping of 16q21q22 deletions. The figure shows the pre
(black line), by Goto et al. [13] (pink line), by Tsoutsou et al. [5] (yellow line)
the asymptomatic region described by Coussement et al. [3] (green line).wide region of euchromatic copy number variations
(CNV) without phenotypic effect [12]. This hypothesis
was reinforced by Coussement et al. [3] who reported a
5.8 Mb deletion at 16q21 (from 59,934,099 to 65,
702,372–Hg19) without abnormal phenotype in three
generations of a family.
We here compare the deletion tract of the present case
to the 3 patients described [1,5,13], to patients 2150 and
249502 from the DECIPHER database [14] and to asymp-
tomatic subjects described by Coussement [3] (Figure 6),
whose deletions are partially overlapping. Clinical signs of
the patients carrying phenotypic anomalies are compared
in Table 1.
Patient 2150 from DECIPHER, with psychomotor
retardation and dysmorphic features, showed the smal-
lest 16q22.1 deletion so far described (67,400,986-67,
677,910–Hg19), sharing with other cases a region span-
ning 200Kb, which includes only 8 genes. One of these
genes, HSD11B2, encodes the type II isoform of 11-beta-
hydroxycorticosteroid dehydrogenase, a microsomal en-
zyme complex that is responsible for inactivation of
biologically active cortisol. A moderate deficiency of the
gene was hypothesised to predispose to low birth weight
[15], which is a very common feature of patients with
interstitial 16q deletions, including the present case. The
presence of dysmorphic ears in the case 2150 also sug-
gests that the haploinsufficiency of transcripts mappingsent case (blue line), the patients described by Yamamoto et al. [1]
, the DECIPHER cases 2150 (purple line) and 249502 (brown line) and













Growth Small for dates + +
Postnatal <3rd centile + + + +
Microcephaly + + + +
Central nervous system and
development
Psychomotor retardation + + mild + + +
Head Large anterior fontanelle + + +
High forehead + +
Diastasis cranial sutures - +
Dysmorphisms Broad flat nasal bridge + + +
Hypertelorism +
Epicanthal fold + + +







Micrognathia + + +
Thorax and abdomen Congenital heart defects TOF ASD +
PFO
Ectopic anus - +
Extremities Flexed fingers - +
Bilateral simian creases + + +
Malposition of toes + + +
TOF Tetralogy of Fallot, ASD Atrial Septal Defect, PFO Patent Foramen Ovale.
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ear dysmorphic features that have been described in al-
most all of the 16q22 deleted patients.
As the case described here presented CHD, we have
re-evaluated a possible critical region for CHD com-
paring the 16q deleted tract of the proband to that of
patients described by Yamamoto et al. [1] and to that
described for the asymptomatic subjects [3]. This ana-
lysis suggested that the critical region responsible for
CHD might span about 2 Mb, from the distal region of
16q21 to the 16q22.1 sub-band (chr16:65,700,000-
67,845,000). No genes involved in cardiogenesis have
been identified in this region.
Many molecular mechanisms have been proposed to
explain the origin of the complex chromosomal re-
arrangements (CCRs) that are generated by a number
of recombination events, resulting either from errors in
the repair processes or from a defect of the recom-
bination system. In addition to the mechanisms pro-
posed such as non-allelic homologous recombination
(NAHR), non-homologous end joining (NHEJ), fork
stalling and template switching (FoSTeS) [16] and
microhomology mediated break-induced replication(MMBIR) [17], recently, a new phenomenon, called
chromothripsis, has been described as a cause of CCR,
through clustered double-stranded DNA breaks and
non-homologous repair mechanisms [18]. This phe-
nomenon causes the localised crushing of one or more
chromosomes and subsequent incorrect reassembly of
the parts arising through NHEJ or MMBIR mecha-
nisms, with sporadic deletions (including small dele-
tions of only a few hundred base pairs) [19].
Conclusions
The case that we have characterised, with 5 breakpoints,
one inversion, 2 deletions and the inverted insertion of one
of the deleted tracts within a non-homologous chromo-
some, meets the criteria to be ascribed to an event of con-
stitutional chromothripsis, as hypothesised in Figure 7. The
confirmation of such hypothesis will come from further
studies by breakpoint sequencing.
Notably, in spite of the complex genomic rearrangement
resulting from the catastrophic events, the present case
showed only typical signs of a single syndrome, demon-
strating that even in the case of classical phenotypes we can-
not exclude very complex rearrangements. This highlights
Figure 7 Schematic representation of possible mechanisms cause of the complex chromosomal rearrangement in the proband. DNA
double-strand breaks are formed as a result of "chromosome shattering" (triangles blacks) with the corresponding formation of chromosomal
fragments that are rearranged through the phenomenon of "chromosome reassembly". The result is the formation of inversions (inv, blue arrows),
deletions (the black arrow) and insertional translocation (IT, green dashed arrow) that originate the two derivative chromosomes: chromosome 12
with a pericentric inversion and deletion of 12q14q21.1 and chromosome 16 with the concomitant insertion of the 12q14q21.1 region with
inverted sense in place of the 16q21-22.1 region that is deleted.
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might give incomplete information, making it advisable,
when possible, to perform both investigations.
The comparison of the present case to other 16q21q22
monosomies narrowed down the candidate critical region
for cardiac anomalies in the 16q22 deletion syndrome.
Methods
Cytogenetics and FISH
Peripheral blood from the patient was cultured for
72 hr in the presence of phytohaemagglutinin. Meta-
phase spread preparations and GTG-banding were
performed according to standard methods. A total of
20 metaphase cells were analysed. Karyotypes were de-
scribed according to the International System for Hu-
man Cytogenetic Nomenclature.
FISH analysis was performed using Whole Chro-
mosome Painting (WCP) for chromosomes 12 and 16.
The Bacterial Artificial Chromosome (BAC) probe RP11-
485 K18, specific for band 12p11.2, was selected from
the UCSC genome browser [20] (UC Santa Cruz, USA,
assembly March 2006) and provided by Professor M.
Rocchi (rocchi@biologia.uniba.it). FISH experiments were
performed on metaphase spreads according to standard
protocols.MCB was performed using the multicolour banding
DNA Probe Kit based on microdissection derived
region-specific libraries for chromosome 12 (Meta-
Systems, Arese MI).
Fluorescent images were analysed using a fluorescence
microscope (AxioImager.Z1 mot, Zeiss) with ISIS software
imaging system (MetaSystems, Altlussheim, Germany) for
image capturing and processing.
Array-CGH
A 4×44 CytoChip™ array with ISCA design (BlueGnome
Ltd; Cambridge, UK) was used in accordance with manu-
facturer’s guidelines for the whole genome screening. The
arrays were scanned using the InnoScan 710 and analysed
using BlueFuse for Microarrays 3.5 software (BlueGnome,
Cambridge, UK), referring to Hg19 Genome Assembly
(NCBI Build GRCh37). Copy number variations were clas-
sified according to the Database of Genomic Variants [21],
the DECIPHER Database [14] and the UCSC Genome
Browser [20].
Consent
Written informed consent was obtained from the pa-
tient’s parents for publication of this case report and any
accompanying images.
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